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In this Letter we propose a fundamental test for probing
the thermal nature of the spectrum emitted by sonolumines-
cence. We show that two-photon correlations can in prin-
ciple discriminate between real thermal light and the quasi-
thermal squeezed-state photons typical of models based on
the dynamic Casimir eect. Two-photon correlations provide
a powerful experimental test for various classes of sonolumi-
nescence models.
12.20.Ds; 77.22.Ch; 78.60.Mq
Introduction: In this Letter we propose a fundamental
test for experimentally discriminating between various
classes of theoretical models for sonoluminescence. It is
well known that the optical photons measured in sono-
luminescence are characterized by a broadband spec-
trum, often described as approximately thermal with a
\temperature" of several tens of thousands of Kelvin [?].
Whether or not this \temperature" represents an actual
thermal ensemble is less than clear. For instance, accord-
ing to the \shock wave approach" of Barber, Putterman
et al., or the \adiabatic heating hypothesis", thermality
of the spectrum is due to a high physical temperature
caused by compression of the gases contained in the bub-
ble. On the other hand, in models based on variants
of Schwinger’s \dynamical Casimir approach" [?,?,?], it
is possible to avoid reaching high physical temperatures
and yet to obtain a thermal spectrum (or at least quasi-
thermal characteristics for the emitted photons) because
of the peculiar statistical properties of the two-photon
squeezed-states produced by this class of mechanism.
Furthermore in other variants of the dynamical Casimir
approach more closely related to Schwinger’s original ver-
sion the \temperature" is a purely accidental feature of
the physics: in these models it merely represents the fre-
quency at which the refractive index drops to unity.
We stress that thermal characteristics in single photon
measurements can be associated with at least three hy-
potheses: (a) real physical thermalization of the photon
environment; (b) quasi-thermal single photon statistics
due to tracing over the unobserved member of a photon
pair that is actually produced in a two-mode squeezed
state; (c) accidental features, such as a cuto in the re-
fractive index producing a tail in the spectrum near the
end of the visible region.
We shall call case (a) real thermality; while case (b)
will be denoted effective thermality and case (c) will be
referred to as accidental thermality. Of course, cases (b)
and (c) have no relation with any concept of thermody-
namical temperature, but case (b) can be related with a
concept of an effective temperature (though it is in gen-
eral not unique).
Our aim is to nd a class of measurements able to
discriminate between cases (a), (b), and (c) and to un-
derstand the origin of the roughly thermal spectrum for
sonoluminescence in the visible frequency range. We
stress that the thermal character of the experimental
spectrum could easily disappear at higher frequencies.
The problem is that for such frequencies the water
medium is opaque, and it is not clear how we could detect
them. (Except through heating eects.) Our key remark
is that it is not necessary to try to measure higher than
visible frequencies in order to get a denitive answer re-
garding thermality. It is sucient, at least in principle, to
measure photon pair correlations in the visible portion of
the sonoluminescence spectrum. Thus regardless of the
underlying mechanism, two-photon correlation measure-
ments are a very useful tool for discriminating between
broad classes of theory and thereby investigating the na-
ture of sonoluminescence. We note that two-photon cor-
relations have been proposed in [?,?] as an ecient tool
in order to measure the shape and the size of the emis-
sion region. As a consequence of a very precise Hanbury{
Brown{Twiss interferometry measurement, in [?] it was
proposed that it could be possible to distinguish between
chaotic (thermal) light emerging from a hot bubble and
coherent light associated with dynamical Casimir eect.
Actually, in dynamical Casimir eect the physical state
of the emitted light can be more complex than the co-
herent light case analyzed in [?], as it will be cleared in
the following.
Real thermal light versus two-mode squeezed states: We
now describe the quantum optics mechanism that simu-
lates a thermal spectrum [case (b)] and underline the dif-
ferences between real thermal photons and quasi-thermal
photons. A two-mode squeezed-state is dened by
jζabi = e−ζ(a†b†−ba)j0a, 0bi, (1)
where ζ is (for our purposes) a real parameter though
more generally it can be chosen to be complex [?]. In
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quantum optics a two-mode squeezed-state is typically
associated with a so called non-degenerate parametric
amplier (one of the two photons is called \signal" and
the other \idler" [?,?,?]) and it can be obtained as fol-
lows. Consider the operator algebra
[a, ay] = 1 = [b, by], [a, b] = 0 = [ay, by], (2)
and the corresponding vacua
j0ai : aj0ai = 0, j0bi : bj0bi = 0. (3)
The two-mode squeezed vacuum is the state jζi  j0(ζ)i
annihilated by the operators
A(ζ) = cosh(ζ) a− sinh(ζ) by, (4)
B(ζ) = cosh(ζ) b− sinh(ζ) ay. (5)
A characteristic of two-mode squeezed-states is that if we
measure only one photon and \trace away" the second,
a thermal density matrix is obtained [?,?,?]. Indeed, if
Oa represents an observable relative to one mode (say







In particular, if we consider Oa = Na, the number oper-
ator in mode a, the above reduces to
hζabjNajζabi = sinh2(ζ). (7)
These formulae have a strong formal analogy with ther-
moeld dynamics (TFD) [?,?], where a doubling of the
physical Hilbert space of states is invoked in order to be
able to rewrite the usual Gibbs (mixed state) thermal
average of an observable as an expectation value with re-
spect to a temperature dependent \vacuum" state (the
thermoeld vacuum, a pure state). In the TFD approach,
a trace over the unphysical (ctitious) states of the c-
titious Hilbert space gives rise to thermal averages for
physical observables completely analogous to the one in










where ω is the mode frequency and T is the temperature.
We note that the above identication implies that the
squeezing parameter ζ in TFD is ω-dependent in a very
special way.
The formal analogy with TFD allows us to conclude
that, if we measure only one photon mode, the two-mode
squeezed-state acts as a thermoeld vacuum and the
single-mode expectation values acquire a thermal char-
acter corresponding to a \temperature" Tsqueezing related





where the index i = a, b indicates the signal mode or the
idler mode respectively; note that \signal" and \idler"
modes can have dierent eective temperatures (in gen-
eral ωsignal 6= ωidler) [?].
We wish to emphasize the following points: (1)
Squeezed-mode \eective thermality" is only an artifact
due to the particular type of measurement being made.
There is no real physical thermal photon distribution in
the electromagnetic eld. However, the complete analogy
with TFD implies that no measurement involving only
single photons can reveal any discrepancy with respect
to real thermal behaviour. (2) A similar thermoeld dy-
namics scheme is also often used in the case of black
hole thermodynamics and in the Unruh eect [?,?]. We
stress that in TFD as applied to black holes and Unruh
eects there is a physical obstruction to the measure-
ment of both the \squeezed photons" because they live
in spacelike separated regions of the spacetime. Thermal-
ity associated with event horizons is \real" in that for the
observers measuring a thermal particle spectrum from a
single particle detection in his external portion of the
Kruskal diagram the other particle of the couple is un-
available. This physical hindrance to measuring both the
photons obviously is not present in the case of quantum
optics measurements, or in sonoluminescence, so that, by
measuring both photons in the couple it is (in principle)
possible to nd strong correlations that are absent in the
true thermal case.
A toy model and sonoluminescence: For treating sonolu-
minescence, we have to introduce a quantum eld theory
characterized by an innite set of bosonic oscillators (as
in bosonic TFD; not just two oscillators as in the case of
\signal-idler" systems studied in quantum optics). The






d3k d3k0 ζ(k, k0)(akbk′ − aykbyk′)

j0i, (10)
where the function ζ(k, k0) is peaked near k + k0 = 0
and becomes proportional to a delta function in the case
of innite volume [ζ(k, k0) ! ζ(k)δ(k + k0)] when the
photons are emitted strictly back-to-back [?,?]. To be
concrete, let us refer to the homogeneous dielectric model
presented in [?]. In this limit there is no \mixing" and
everything reduces to a sum of two-mode squeezed-states,
where each pair of back-to-back modes is decoupled from
the other. The frequency ω is the same for each photon
in the couple, in such a way that we are sure to get the
same \temperature" for both. The two-mode squeezed









It is interesting to note that, if photons are pair pro-
duced in two-mode squeezed-states by a suitable pair pro-
duction interaction term, then Tsqueezing is a function of
both frequency and squeezing parameter, and in general
only a special \ne tuning" would allow us to get the
same eective temperature for all couples. If we consider
the expectation value on the state jΩ(ζk)i of Nk  aykak
we get
hΩ(ζk)jNkjΩ(ζk)i = sinh2(ζk), (12)
so we can again nd a \thermal" distribution for each
value of k with temperature
kBTk  hωk2 log(coth(ζk)) . (13)
The point is that for k 6= k we generally get Tk 6= Tk¯
unless a fine tuning condition holds. This condition is
implicitly made in the denition of the thermoeld vac-
uum and it is possible only if we have
coth(ζk) = eκωk , (14)
with κ some constant, so that the frequency dependence
in Tk is canceled and the same Tsqueezing is obtained for
all couples.
For models of sonoluminescence based on the dynam-
ical Casimir eect (i.e. squeezing the QED vacuum) we
cannot rely on a denition to provide the ne tuning,
but must perform an actual calculation. Our model [?]
is again a useful tool for a quantitative analysis. We
have (omitting indices for notational simplicity; our Bo-
golubov transformation is diagonal) the following relation
between the squeezing parameter and the Bogolubov co-
ecient β
j tanh(ζ)j2 = jβj
2
(1 + jβj2) , (15)
where, by dening ϕ  pi t0/(n2in + n2out), (here t0 is













In the adiabatic limit (large frequencies) we get a Boltz-
mann factor [?]
jβj2  exp (−4 minfnin, noutgnout ωoutϕ) . (17)
Since jβj is small, this also automatically implies jαj  1
so that in this adiabatic limit







nout minfnin, noutg (19)
Thus for the entire adiabatic region we can assign a sin-
gle frequency-independent eective temperature which is
really a measure of the speed with which the refractive
index changes.
In contrast, in the sudden limit (low frequencies) the
spectrum is phase space limited (a power law spectrum)
which does not correspond to a thermal one [?]. It is
still possible to assign a dierent eective temperature
for each frequency.
Finite volume eects smear the momentum space delta
function so we no longer get exactly back-to-back pho-
tons. This represents a further problem because we have
to return to the general squeezed vacuum of equation
(??). It is still true that photons are emitted in pairs,
pairs that are now approximately back-to-back and of
approximately equal frequency. We can again dene an
eective temperature for each photon in the couple as
in the \signal-idler" systems of quantum optics. Such
temperature is no longer the same for the two photons
belonging to the same couple and no \special condition"
for getting the same temperature for all the couple exists.
Analyzing these nite volume distortions is not easy [?].
In summary: The photons produced in a dynamical
Casimir eect are not truly thermal but can be cast in the
framework of either \eective thermality" or \accidental
thermality", depending on whether the adiabatic regime
or sudden regime holds sway. Finite volume eects are
dicult to deal with quantitatively, but the qualitative
result that in any dynamic Casimir eect model of sono-
luminescence there should be strong correlations between
approximately back-to-back photons is robust. It is this
last observation that leads us to the following proposal.
Two-photon observables: Dene the observable
Nab  Na −Nb, (20)
and its variance
(Nab)2 = N2a + N
2
b − 2hNaNbi+ 2hNaihNbi. (21)
These number operators Na, Nb are intended to be rela-
tive to photons measured, e.g., back to back. In the case
of true thermal light we get
N2a = hNai(hNai+ 1), (22)
hNaNbi = hNaihNbi, (23)
so that
(Nab)2thermal light = hNai(hNai+ 1) + hNbi(hNbi+ 1).
(24)
For a two-mode squeezed-state
(Nab)2two mode squeezed light = 0. (25)
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Due to correlations, hNaNbi 6= hNaihNbi. Note also that,
if you measure only a single photon in the couple, you get,
as expected, a thermal variance N2a = hNai(hNai+ 1).
Therefore a measurement of the variance (Nab)2 can be
decisive in discriminating if the photons are really ther-
mal or if nonclassical correlations between the photons
occur [?]. If the \thermality" in the sonoluminescence
spectrum is of this squeezed-mode type, we will ulti-
mately desire a detailed model of the dynamical Casimir
eect involving an interaction term that produces pairs
of photons two-mode squeezed-states. Apart from our
model [?] and its nite volume generalization [?], the
Eberlein model also possesses this property [?]. For this
type of pair photon production in a linear medium with
a spacetime dependent dielectric permittivity and mag-
netic permeability cf. [?]; for nonlinearity eects cf. [?].
Discussion: We have proposed the possibility of dis-
criminating between real thermal photons and dynam-
ical Casimir photons by means of a careful analysis of
two-photon correlation statistics. Let us start by mak-
ing the ansatz that thermality in the spectrum is either
real or \eective" in the sense described above. In the
former case, adiabatic heating models are not compat-
ible with some recent experimental data showing that
there is no time delay between dierent emitted frequen-
cies [?,?]. However there remains the possibility for nona-
diabatic heating (Bremsstrahlung or shockwave models).
For thermal light one should nd thermal variance for
photon couples. On the other hand, thermoeld{like
photons should show zero variance in appropriate pair
correlations.
If instead spectrum thermality is an accident, there is
still the possibility of obtaining single-photon measure-
ments with a quasi-thermal character (class \b" models
that do not satisfy the \special condition"). The most
important point of this discussion is that in either case
two-photon correlation measurements are potentially a
very useful tool for looking into the nature of sonolumi-
nescence.
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